To date, the diagnosis of Parkinson's disease (PD) remains primarily clinical. 1, 2 However, the accuracy of clinical diagnosis of PD is not satisfactory, particularly in early stages of the disease where the typical clinical signs are not yet fully present. [2] [3] [4] Several studies have demonstrated that clinical diagnosis of PD may change after a follow-up of a few years. 5, 6 In clinic-based studies on PD, the most frequent misdiagnoses involved atypical parkinsonisms, particularly multiple system atrophy or progressive supranuclear palsy (PSP). 2, 5, 6 PSP with parkinsonism (PSP-P). [7] [8] [9] [10] The clinical presentation of PSP-P resembles idiopathic PD to such an extent that the 2 disorders are difficult to distinguish early on. [7] [8] [9] [10] Recently, the Movement Disorder Society (MDS)-endorsed PSP Study Group 11 published new diagnostic criteria for clinical diagnosis of PSP-Richardson's (PSP-RS) and the PSP variants, such as PSP-P. Diagnosis of probable PSP-RS was based on the presence of vertical gaze abnormalities (VGA) and early postural instability, whereas probable PSP-P was characterized by VGA associated with levodopa-responsive or levodopa-resistant parkinsonism. 11 VGA usually are the most specific neurological signs for differentiating patients with PSP-P from those with PD 8 ; however, these clinical features may occur later or never in PSP-P patients. [7] [8] [9] [10] The absence of VGA makes it difficult to differentiate between patients with PSP-P and those with PD, 8 suggesting that the true prevalence of PSP-P may be underestimated.
Magnetic resonance (MR) imaging measurements have been shown to be useful for diagnosing PSP. 12, 13 The MR Parkinsonism Index (MRPI) has proven to be an accurate biomarker for diagnosing patients with PSP [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and for predicting the clinical evolution toward PSP phenotypes of patients affected by undetermined parkinsonism 27, 28 or the appearance of vertical supranuclear gaze palsy (VSGP) in patients with PSP-P. 29 Overall, this biomarker is highly accurate in diagnosing PSP-RS 12 but shows a low sensitivity in distinguishing between patients with PSP-P and those with PD. 18, 26, 30 Recently, we demonstrated that a new version of MRPI that included the measurement of third ventricle width (MRPI 2.0) was highly accurate in differentiating PSP-P patients from PD. 26 To date, to our knowledge, no prospective study has investigated in vivo the appearance of clinical features of PSP-P in patients initially diagnosed as PD. In the current study, we used a large sample of patients with an initial clinical diagnosis of PD who were clinically and radiologically followed for 4 years to evaluate the appearance of VGA without early postural instability, a phenotype strongly suggestive of PSP-P. 11 We also investigated whether MRPI 2.0 measurements were able to predict in patients with initial diagnosis of PD the evolution toward a clinical phenotype of PSP-P.
Methods Baseline Evaluation

Patients
We consecutively recruited 128 patients with PD and 74 sex-and age-matched healthy control participants between April 2010 and May 2013. Clinical diagnosis of PD was made by one of the authors (M.M.) with >10 years of experience in movement disorders. Patients were included if they reached the probable (disease duration ≥3 years, levodopa responsiveness and presence of 3 of 4 cardinal features of PD) or possible (disease duration <3 years, 2 of 4 cardinal features of PD) degree of diagnostic certainty for PD. 31 For each patient, a complete medical history and neurological examination with accurate clinical evaluation of ocular movements and postural instability were performed, motor impairment was scored using the Unified Parkinson's Disease Rating Scale-Motor Examination (UPDRS-ME) 32 in off-state (off medications overnight), and disease severity rated using the Hoehn and Yahr rating scale. 33 An asymmetry index was calculated according to the procedure recently described. 34 We used the MMSE 35 to assess cognitive performance in all patients. Levodopa response was assessed both in the off-state (off medications overnight) and 2 hours after drug administration and was considered positive if it was ≥30% on the UPDRS-ME score (moderate 30%-50%; good >50%-70%; excellent >70%). 36 Exclusion criteria were history of neuroleptic use within the past 6 months, evidence of atypical clinical features suggestive of parkinsonisms, evidence of normal striatal uptake in dopamine transporter iodine123-N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl) tropane (I-123 FP-CIT) single-photon emission computed tomography (SPECT), evidence of normal pressure hydrocephalus suggested by abnormal MR signs such as reduced callosal angle and enhanced Evans Index, 37 and evidence on MR imaging scan of vascular lesions such as lacunar infarctions in the basal ganglia and/or subcortical vascular lesions with diffuse periventricular signal alterations. None of the control participants had a history of neurologic, psychiatric, or other major medical illnesses. All study procedures and ethical aspects were approved by the institutional review board (Magna Graecia University review board, Catanzaro, Italy). In addition, written informed consent was obtained from all those participants examined as part of the study.
MR Imaging Protocol
All patients and controls performed a brain MRI with a 3 T-MR750 General Electric scanner and an 8-channel head coil according to a recently described procedure. 26 
Morphometric Measurements
Automated measurements of the pons/midbrain area ratio (P/M) and the MRPI were performed according to the recently described procedure (http://mrpi.unicz.it). 38 The new version of these biomarkers (P/M 2.0 and MRPI 2.0), which included the measurement of third ventricle (3rdV) width, was calculated according to the procedure described in a recent study 26 and reported in the supplementary materials.
Follow-Up Evaluation
After clinical-radiological characterization at baseline, all patients were clinically assessed by the same physician every year for an observational period of 4 years. At each annual clinical evaluation, the patients underwent a neurological examination with accurate clinical evaluation of ocular movements and postural instability. Clinical assessments were performed with the UPDRS-ME in the off-state (off medications overnight) and using the Hoehn and Yahr rating scale and MMSE test. At the end of the 4-year follow-up period, all patients repeated the clinical evaluation, levodopa acute test, and MR imaging examination with the same protocol as the baseline.
The degree of diagnostic certainty for PD 31 was assessed every year in all patients, and the classification of the patients as possible or probable PD was modified accordingly. Because the modality of clinical assessment of ocular motor dysfunction and postural instability did not differ substantially between previous 39 and new criteria, 11 all patients without postural instability within 3 years after the disease onset who developed VGA during the follow-up were reclassified according to the recent diagnostic criteria for probable PSP-P. 11 Thus, the following 2 levels of VGA were considered: slow velocity of vertical saccades and VSGP. Slowness of vertical greater than horizontal saccadic eye movements was considered as the criterion for slow velocity of vertical saccades (O2 level). 11 A clear limitation of the range of voluntary gaze in the vertical more than in the horizontal plane, affecting both up-and downgaze, were considered as criterion for VSGP (O1 level). 11 A clinical diagnosis of probable PSP-P was thus suspected when the patient developed VGA (O1 or O2) associated with levodopa-responsive (A3 level) or levodoparesistant (A2 level) parkinsonism, without early postural instability within 3 years after the disease onset.
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The progression of the disease was evaluated for UPDRS-ME and for P/M, MRPI, P/M 2.0, and MRPI 2.0 as the percentage difference from baseline to follow-up values.
Statistical Analysis
Differences in sex and clinical features distribution were assessed by Fisher's exact test. McNemar's test was used to assess changes in dopaminergic responsiveness from baseline to follow-up evaluation. The Shapiro-Wilk test was used to check for normality before comparing continuous variables. Baseline demographic, clinical, and radiological data were compared using either the Student's t test or the Mann-Whitney U test. Baseline to follow-up comparisons were performed either by the paired t test or by the Wilcoxon signed rank test.
A mixed-model analysis of variance was performed to assess the effect of time (baseline, follow-up) as the within factor and status (PD, PSP-P) as the between factor and their mixed effect on MRPI, MRPI 2.0, P/M, and P/M 2.0. With age-related variables, an analysis of covariance was performed to control for the age effect. All tests were 2-tailed and the α level was set at P < .05. When comparing radiological measures, P values were corrected according to Bonferroni. We assessed sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy of baseline and follow-up measurements of P/M, P/M 2.0, MRPI, and MRPI 2.0 in differentiating patients who maintained an initial diagnosis of PD from those who developed VGA. Optimal cut-off levels were defined as the values with the highest sum of sensitivity and specificity on the receiver operating characteristic curves. To assess intrarater and interrater reliability, intraclass correlation coefficients were calculated. Analyses were performed using R (R for Unix/Linux, version 3.1.1, the R Foundation for Statistical Computing, Vienna, Austria).
Results
Demographic, clinical, and neuroimaging data of patients with PD and controls at baseline evaluation are listed in Table 1 . Among the 128 PD patients initially enrolled, 18 patients were excluded from the study (4 patients died before the end of the follow-up; 5 patients dropped out; 7 patients developed atypical clinical features suggestive of multiple system atrophy [early orthostatic fall in blood pressure and loss of levodopa response], and 2 patients developed clinical features suggestive of dementia with Lewy bodies [early cognitive decline with fluctuating confusion and hallucinations]). Of 40 patients with an initial diagnosis of possible PD who showed a levodopa responsiveness lower than 30% at baseline, 19 developed a good levodopa response at the end of follow-up (Table 1 and  Table 2 ). These patients at baseline had less than 2 years of disease duration and had not had an adequate trial of levodopa or dopamine agonists. At baseline, 21 of 40 patients with possible PD and all patients (n = 70) with probable PD showed levodopa responsiveness (moderate, n = 51; good, n = 30; excellent, n = 10). At baseline, 9 of 10 patients who developed VGA during the follow-up showed a moderate response to levodopa, whereas only 1 patient had a good levodopa response.
At baseline, P/M 2.0, MRPI, and MRPI 2.0 values of PD patients were not different from values of the controls with the exception of the P/M values, which were significantly higher in the PD patients than in controls (Table 1) . Table 2 shows baseline and follow-up clinical and imaging data of the patients who maintained the initial diagnosis of PD up to the end of the follow-up (PD; n = 100) and of those who developed VGA during the follow-up, and changed diagnosis from PD to PSP-P (PSP-P; n = 10). All of these 10 patients developed
slowness of vertical saccades during the follow-up; 5 of these 10 patients showed VSGP at the end of follow-up. Patients with VSGP showed higher imaging biomarkers values (P/M, mean AE SD: 6.01 AE 0.9; P/M 2.0, mean . In addition, 9 of 10 PD patients who developed VGA lost the response to levodopa during the follow-up ( Table 2 ). All patients who developed VGA during the follow-up had at least 3 years of parkinsonism without history of postural instability and normal pulltest at baseline (Table 2 ). In the PD patients, there were no significant differences in morphometric measures between baseline and follow-up, whereas in patients with PSP-P, all morphometric values were significantly worse at follow-up than at baseline (Table 2 ). In both PD and PSP-P, clinical variables significantly worsened between baseline and follow-up ( Table 2) . The between-group comparison showed that all morphometric measures (P/M, P/M 2.0, MRPI, and MRPI 2.0) were significantly higher in patients with PSP-P than in those with PD, both at baseline and at follow-up (Table 2 and Supplementary Table 1 ). MRPI 2.0 values showed no overlap between patients with PD and patients with PSP-P at both evaluations (Fig. 1) . Most clinical variables showed a slight significant difference at baseline and a marked difference at follow-up between the 2 patient groups ( Table 2 and Supplementary Table 1) .
When status-time (disease follow-up) interaction was considered, there were significant differences between PD patients and PSP-P patients for all morphometric measurements (P < .001), thus showing that disease progression was more marked in patients with PSP-P than in those with PD ( Fig. 2A) . Figure 2B shows for each biomarker (MRPI, MRPI 2.0, P/M, P/M 2.0) the percentage difference from baseline to follow-up in patients with PSP-P. Table 3 shows the performances of P/M, P/M 2.0, MRPI, and MRPI 2.0 measurements in differentiating patients with PD from those with PSP-P at baseline and follow-up. At baseline, MRPI 2.0 showed the highest accuracy (100%) in predicting the appearance of VGA in all patients (n = 10) with initial diagnosis of PD who later changed diagnosis from PD to PSP-P. At the end of follow-up, MRPI 2.0, MRPI, and P/M 2.0 showed an excellent performance (accuracy, 100%) in differentiating PSP-P patients from those with PD (Table 3) . Baseline clinical variables showed a lower accuracy than imaging biomarkers in predicting VGA in PD patients with initial diagnosis of PD (Supplementary Table 2 ). In addition, at baseline, MRPI 2.0 performance was highly accurate in differentiating the PSP-P group from the non-PSP-P group (PD, multiple system atrophy, and dementia with Lewy bodies patients; Supplementary Table 3 ). There was an excellent correlation between intrarater (intraclass correlation coefficients: 3rdV width, 0.993; frontal horns (FH) width, 0.991; 3rdV/FH, 0.995) and interrater (intraclass correlation coefficients: 3rdV width, 0.982; FH width, 0.987; 3rdV/FH, 0.989) agreement. 
Discussion
The results of our study show that a number of patients initially classified as PD developed VGA during a 4-year follow-up. It is worth noting that at baseline only MRPI 2.0 predicted the development of VGA in a percentage (9.1%) of patients with an initial diagnosis of PD with 100% sensitivity and specificity, whereas at the end of follow-up all imaging biomarkers accurately differentiated patients who had developed features of PSP-P from those who remained classifiable as PD.
To date, no studies have investigated patients initially classified as PD who might have developed clinical features of PSP-P, such as VGA over time. In the current study, we clinically and radiologically followed a large group of patients who fulfilled the diagnostic criteria for possible or probable PD 31 to look for the appearance of VGA, which is highly suggestive of PSP, during a long follow-up period (4 years). At the end of the 4-year follow-up, the majority of PD patients (100 of 110 patients; 90.9%) had not developed atypical clinical features, and each of these patients reached a probable degree of diagnostic certainty for PD. 31 However, a small percentage of patients (10 of 110 patients; 9.1%) who did not show early postural instability within 3 years after the disease onset developed VGA during the 4-year follow-up, thus indicating the evolution toward a PSP-P phenotype. 11 In particular, at the end of follow-up, 5 of 10 patients showed slowness of vertical saccades, and 5 had VSGP. When we applied the 
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recent MDS criteria for PSP, 11 all of these 10 patients were classified as probable PSP-P (5 were classified as O1-A2, 4 as O2-A2, and 1 as O2-A3). Thus, the revision of the initial diagnosis of PD can occur during a followup, and changes in diagnosis of PD are most commonly a result of the development of additional atypical features suggesting parkinsonisms. 5, 6 Our findings are consistent with previous studies 5, 6 that showed that a number of patients initially diagnosed as having PD were later found to have an alternative diagnosis as a result of the development of atypical clinical features. A recent review and meta-analysis 2 showed that the overall quality of clinical diagnosis of PD was inadequate, even in tertiary centers with movement disorders experts, thus suggesting the need for easily accessible biomarkers of disease to support clinical diagnosis in vivo.
In the past few years, MRPI has been widely proposed to support clinicians in the difficult task of differentiating clinically patients with PSP from those with PD or those with other parkinsonisms.
14-26 A recent study 12 from the MDS-endorsed group for PSP stated that the P/M and MRPI were the most reliable biomarkers for diagnosing PSP-RS both in the early and late stages of the disease. However, the use of MRPI in clinical practice has been limited because the manual calculation of this combined measurement is operator dependent and time consuming. A large multicenter study in Italy recently introduced a new accurate fully automated method for MRPI calculation that does not require the manual segmentation of brain regions involved in the calculation of the index. 38 To date, only a few studies have focused on evaluating the accuracy of MRPI for differentiation of patients with PSP-P from those with PD. 18, 26, 30 Some authors reported a low sensitivity of this biomarker in differentiating PSP-P from PD, 18, 30 a finding confirmed by a study in a larger cohort of PSP-P patients. 26 Recently, we demonstrated that a new version of MRPI (MRPI 2.0) was highly accurate in differentiating patients with PSP-P from those with PD and controls. 26 This version included the measurement of the 3rdV width in the calculation, a brain structure that has been reported to be enlarged in patients with PSP. 26, 40 Consistent with our previous data, 14, 17, 23, 26, 38 in the current study no patients with initial diagnosis of PD showed abnormal morphometric MR measurements (P/M 2.0, MRPI, and MRPI 2.0) at baseline evaluation in comparison with controls with the exception of P/M, which showed higher values in PD than in controls, a finding probably a result of the slight reduction of the midbrain area that may be observed in PD patients. 41 At baseline evaluation, P/M, P/M 2.0, and MRPI values of PSP-P patients were significantly higher than values of patients with PD, with overlapping values between the 2 groups. In contrast, baseline MRPI 2.0 values had no overlap between PD and PSP-P patients (Fig. 1) , and this biomarker showed the best performance with an accuracy of 100% in differentiating patients who maintained initial diagnosis of PD from those who changed diagnosis from PD to PSP-P. MRPI had the worst performance (accuracy, 74.6%), whereas P/M (accuracy, 87.3%) and P/M 2.0 (accuracy, 99.1%) showed an intermediate performance in differentiating PD patients from patients with PSP-P.
Our findings demonstrate the usefulness of these new imaging biomarkers, and specifically of the MRPI 2.0, in predicting the development of VGA and the clinical evolution towards PSP phenotypes in patients with the initial diagnosis of PD. These biomarkers could help clinicians identify very early those patients who may change the initial diagnosis from PD to PSP-P, thus impacting on patient counseling, prognosis, and therapeutic strategies. On this basis, the use of accurate biomarkers may enable clinical trials to be performed at early stages of disease when new therapies are most likely to be efficacious. Further longitudinal studies in larger cohorts are warranted. 42 At the end of the follow-up period, MRPI, P/M 2.0, and MRPI 2.0 accurately differentiated (sensitivity and specificity of 100%) patients with PSP-P from those with PD without an overlap of individual values. This result highlights the usefulness of these biomarkers also in supporting the clinical diagnosis of PSP-P. Unlike our previous study, 26 which showed a better performance of MRPI 2.0 than MRPI (96.6% vs 88.5%, respectively) in differentiating PSP-P from PD, in the current study both biomarkers had a very high accuracy (100%) in differentiating between these 2 patient groups at the end of follow-up. This discrepancy in MRPI performance can be the result of the smaller sample size of PSP-P analyzed in the current study than that (34 PSP-P patients) evaluated in the previous study. In all patients who maintained a PD phenotype, all morphometric values did not vary significantly between the baseline and the end of the follow-up period, whereas these values increased significantly in the same period of time in patients who changed the initial diagnosis from PD to PSP-P. When the interaction between time (baseline vs follow-up) and status (PD vs PSP-P) was considered, we found that PD patients who developed signs of PSP-P showed a faster course of the disease during the follow-up period than patients who did not have a change in the initial diagnosis of PD. This more rapid disease progression rate was reflected in the change of morphometric values at 4-year follow-up when patients with PSP-P were scored significantly worse (P < .001) than those with PD (Table 2 and Fig. 2A) . Moreover, in the PSP-P group, MRPI 2.0 values increased by 49.0% at the end of follow-up when compared with baseline, whereas the worsening of the other biomarkers values was smaller with values progressively increasing from 24.0% (P/M) to 33% (P/M 2.0) up to 39.0% (MRPI). The UPDRS-ME scores showed a similar increase between baseline and follow-up (37.0%) to that observed with morphometric measures, thus indicating a close relationship between the extent of clinical worsening and the increase in imaging biomarkers values. By contrast, in patients who maintained initial diagnosis of PD, the morphometric values did not change significantly between baseline and follow-up, whereas the clinical scales worsened in the same period of time, thus suggesting that the current imaging biomarkers do not reflect disease progression in PD.
To the best of our knowledge, this is the first study to assess the relationship between changes in MRI morphometric values and the progression rate of PSP-P during a 4-year follow-up. Although this result may be of great interest for the evaluation of future therapies on the progression of the disease using reliable, objective, and operator-independent MRI measurements, the small sample size limits the general applicability of our findings.
There are some limitations to this study. First, the lack of a neuropathological confirmation of the diagnosis could lead to a misclassification of patients. However, our clinical diagnoses for PD and PSP-P were performed according to consensus diagnostic criteria, 11, 31 and all patients included in our study were evaluated in a standard fashion by one of the authors (M.M.) who had more than 10 years of experience in the diagnosis of movement disorders. Although new clinical diagnostic criteria for PD have been recently proposed 43 and very recently validated, 44 these criteria have not been used in our patients because the patient recruitment ended before the publication of the new diagnostic criteria. Second, the abnormalities of vertical saccades may occasionally be present both in aging and in vascular parkinsonism. However, no patients had brain vascular lesions, and all patients who developed VGA had high MRPI values, whereas MRPI was reported to be within normal values in older participants 41 and vascular parkinsonism. 45 Third, VGA can also appear very late during the natural history of PSP-P. [7] [8] [9] [10] Thus, it is possible that some patients with a probable diagnosis of PD could develop VGA later, requiring a longer follow-up. Fourth, the sample size of PD patients who had a change in the initial diagnosis from PD to PSP-P during the follow-up (10 of 110 PD patients) was small, and it cannot be concluded with certainty that MRPI 2.0, which showed the best performance in our cohort, will have a similar good performance in a different group of individuals. Further longitudinal studies in independent larger cohorts are needed to confirm our findings. Finally, our patients underwent an MR imaging examination with a 3 T scanner, which is not always available in movement disorder clinics. However, previous studies on MRPI using a 3 T scanner 38, 46 showed similar results to those obtained with scanners at a lower magnetic field for MRPI measurements in patients with PD and PSP.
In conclusion, the results of our study demonstrate that a number of patients with an initial clinical diagnosis of PD developed VGA without early postural Optimal cutoff values were determined using receiver operating characteristics curve analysis.
Movement instability during a follow-up period of 4 years, thus allowing the initial diagnosis to be refined from PD to PSP-P. MRPI 2.0 was the most accurate biomarker, more powerful than clinical variables, in predicting the development of signs of PSP-P in patients with an initial clinical diagnosis of PD.
